Abstract-Volt/var control (VVC) of smart PV inverter is becoming one of the most popular solutions to address the voltage challenges associated with high PV penetration. This work focuses on the slope sensitive local droop VVC recommended by integration standard IEEE1547, rule21 and addresses their major challenges i.e. vulnerability to instability (or voltage oscillations), significant steady state error (SSE) and appropriate parameter selection under external disturbances. This is achieved by proposing an autonomous, local and adaptive VVC which has two major features i.e. a) it is able to ensure both low SSE and control stability without compromising either and; b) it dynamically adapts its parameters to ensure good performance in a wide range of external disturbances such as sudden cloud cover, cloud intermittency, substation voltage change. Moreover, the adaptive control does not depend on the feeder topology information, thus also shown to be adaptive to the error in feeder topology information. The proposed control is implementation friendly as it fits well within the integration standard framework and depends only on local bus information. The performance is compared with the existing droop VVC methods on an unbalanced 3-phase IEEE 123 test system with detailed secondary side modeling.
Abstract-Volt/var control (VVC) of smart PV inverter is becoming one of the most popular solutions to address the voltage challenges associated with high PV penetration. This work focuses on the slope sensitive local droop VVC recommended by integration standard IEEE1547, rule21 and addresses their major challenges i.e. vulnerability to instability (or voltage oscillations), significant steady state error (SSE) and appropriate parameter selection under external disturbances. This is achieved by proposing an autonomous, local and adaptive VVC which has two major features i.e. a) it is able to ensure both low SSE and control stability without compromising either and; b) it dynamically adapts its parameters to ensure good performance in a wide range of external disturbances such as sudden cloud cover, cloud intermittency, substation voltage change. Moreover, the adaptive control does not depend on the feeder topology information, thus also shown to be adaptive to the error in feeder topology information. The proposed control is implementation friendly as it fits well within the integration standard framework and depends only on local bus information. The performance is compared with the existing droop VVC methods on an unbalanced 3-phase IEEE 123 test system with detailed secondary side modeling.
Index Terms-solar energy, power distribution systems, photovoltaic system, smart grid, volt/var control, smart inverter control, real-time control, distributed control.
I. INTRODUCTION
S OLAR photovoltaic (PV) penetration is continuously rising, and is expected to be tripled in the next 5 years in the USA [1] . High PV penetration is being fueled by the favorable policies and significant cost reductions, nonetheless, it brings its own set of technical challenges such as voltage rise and rapid voltage fluctuations due to cloud transients which could lead to the reduced power quality [2] , [3] . Under the premise that solar will keep growing as expected, several efforts are required to address the associated voltage challenges. To mitigate these challenges, a few simple methods are suggested such as lowering substation voltage, increasing conductor diameter and curtailing solar generation. However, these methods are not economical and not adaptive to changing operating conditions (low solar output during peak load) [2] , [4] . In traditional volt/var control (VVC), voltage regulating devices such as capacitors and load tap changers (LTC) are supposed to maintain the feeder voltage but they are not fast enough to handle transient nature of solar generation i.e. cloud cover [5] - [7] . Therefore, PV inverters have emerged as effective volt/var controllers to handle rapid variations in the modern distribution system by providing faster and continuous VVC capability in contrast to slower and discrete response of the traditional VVC devices [8] - [10] .
The PV inverter VVC methods primarily fall into two broad categories: 1) optimal power flow (OPF) based (de-)centralized approaches and 2) local control approaches. Most of the literature deals with the OPF based methods which are solved either in a centralized manner [5] , [11] , [12] or in a decentralized way using distributed algorithms [6] , [13] - [16] . However, the extensive communication requirements among the PV devices challenge the real-time implementation of these methods. Additionally, communication delays and the large time requirement to solve most OPFs limit their ability to respond to faster disturbances at seconds time scale such as cloud intermittency [8] , [10] , [17] .Though distributed algorithms are relatively faster, most of these methods assume constant substation voltage and rely on full feeder topology information for control parameter selection which is usually not fully known to the utilities or not always reliable. These issues make (de-)centralized VVC methods difficult to implement and also vulnerable to fast external disturbances such as cloud transients, sudden change in substation voltage and topology changes. To avoid these challenges, we focus on the local VVC approaches in this work which are usually faster, implementation friendly, and can respond to sudden external disturbances in distribution systems.
Among local approaches, droop VVC is the most popular local control framework among utilities and in the existing literature. It was first proposed by [18] which now has been adopted by the IEEE1547 integration standard [19] and also being widely used by Rule 21 in California [20] . Nonetheless, some of the attempts to develop non-droop local VVC methods are also worth noting [10] , [17] , [21] . For instance, a scaled var control proposed by [17] provides stability analysis of the control and demonstrates an improved local VVC performance. However, these methods require full topology information for parameter selection and do not adapt themselves to changing operating conditions and disturbances. Moreover, they are not compatible with the IEEE1547 standard local droop VVC framework which may jeopardize their real-time implementation. Therefore, to be implementation friendly, we focus on developing standard droop compatible adaptive control. However, the droop control is highly sensitive to its droop (slope) parameter and the existing standards do not provide guidelines on the parameter selection. Further, it has been shown by [22] , [23] that the droop control is vulnerable to instability and voltage flicker due to improper selection of the parameters. The desired slope to ensure stability depends on the feeder topology and operating conditions. On the other hand, this slope selection may adversely affect the steady state performance of the control which leads to high steady state error (SSE) as indicated by [22] , and the local droop VVC with high SSE is always prone to voltage violations in external disturbances as confirmed by our findings in this work. The delayed droop control, a variation of the conventional droop control, is proposed by [23] which works well and improves the stability performance compared to the conventional droop under normal operating conditions; however, under external disturbances, it is vulnerable to instability and violations due to lack of real-time parameter adaption and high SSE respectively, as detailed soon in Section II. Thus, to ensure both control stability and set-point tracking accuracy (low SSE), we propose a fully local and real-time adaptive VVC where control parameters are made self-adaptive to inaccurate topology information and commonly occurring external disturbances such as cloud intermittency, cloud cover, changing load profile, and substation voltage changes.
Our work extends the previous works and provides unique contributions in following way: 1) The proposed control achieves both set-point tracking accuracy (low SSE) and control stability simultaneously without compromising either; 2) The proposed approach makes the control parameter selection self-adaptive to changing operating conditions and external disturbances; 3) It is purely local in nature with no requirement of the additional communication links and also compatible with the existing onboard droop controls specified in the recent standards (IEEE1547, Rule 21); 4) The real-time adaptive nature and tight voltage control (low SSE) feature of the proposed control opens interesting opportunities for operators to utilize PV inverters not only to mitigate over-voltage but also for other volt/var related applications such as CVR, loss minimization, providing var support to transmission side etc.; and 5) A detailed modeling of secondary side of an unbalanced distribution system is used to verify the control approach with house-level loads and heterogeneous inverter population.
Overall, in this new environment of increasing renewables, demand response and other pro-active functionalities, the unexpected external disturbances in distribution system will become more common; and the standard based proposed adaptive local VVC framework is will facilitate an easy plug-andplay implementation without reliance on much communication network, which is the main motivation behind this work.
The layout of the remainder of the paper is as follows. In Section II, stability conditions and SSE expressions of the droop control are derived and discussed to establish the base for the adaptive control development. Based on the analysis, the adaptive control strategy is proposed in Section III. Simulation results on the test system are discussed in Section IV. Finally, concluding remarks are presented in Section V. 
II. BACKGROUND AND PROBLEM SETUP
Consider a general N + 1 bus distribution system with one substation bus and N load buses with PV inverters. The power flow equations for the system can be written as
Where
T are inverter reactive and real power injection vectors respectively at each bus. P d and Q d are similar vectors of real and reactive power loads at each bus. g p and g q are well-known power flow equations with voltage magnitude and angles as variables at all load buses [24] .
The standard droop function f i (.) at i th bus is shown in Fig.1 . It is a piecewise linear function with a deadband d and slope m. Assuming the operating point is in non-saturation region, the inverter var dispatch at time t can be written as a function of previous voltage and other control parameters as
where, Q i,t and V i,t are the inverter var injection and the voltage magnitude respectively. Subscripts i and t denote i th bus and time instant t. µ i is the reference voltage and m i is the slope of the curve. We consider the same slope for both the regions in the droop control for a given inverter as shown in Fig.1 . m can be maintained at desired value by changing control parameters as
where v i,min , v i,max , q i,min , q i,max are the four control setpoints. It should be noted that in existing droop methods these parameters are either constant or un-controlled. Whereas, in this work, these parameters are dispatched based on the proposed adaptive control strategy. As detailed soon, dynamic control over these parameters leads to more reliable control performance compared to previous works.
A. Stability Analysis
As described in [22] , [23] , the local droop VVC can be modeled as feedback dynamical system φ with N states
T at discrete time t.
Where the vector f (.) = [f 2 f 3 . . . f N +1 ] contains local VVC functions which map the current voltage vector V t to new inverter var injections vector
The new var vector Q t+1 , in turn, leads to the new voltage vector V t+1 according to power flow equations (1) . The function h is an implicit function vector derived from (1) i.e. h i (Q i,t ) = V i,t . It is shown in [23] that the system φ is locally stable in the vicinity of an equilibrium point (Q) if all eigenvalues of the matrix ∂φ/∂Q have magnitude less than 1.
In the case of droop control, ∂f /∂V is a diagonal matrix with slope at each inverter as diagonal entries.
Lets define A = ∂V /∂Q and a ij = ∂V i /∂Q j which is a voltage sensitivity matrix with respect to var injection and can be extracted from the power flow Jacobian matrix from (1) as shown in [23] .
Now, the sufficient condition for the control to be stable can be written as
Where ρ is spectral radius of a matrix which is defined as the largest absolute value of its eigenvalues. Condition (7) provides useful information for evaluating the stability of specific inverter slope settings. However, in order to obtain information for selecting the inverter slopes, we will derive another conservative sufficient condition for stability using spectral radius upper bound theorem [25] . Theorem 1: Let . be any matrix norm on R n×n and let ρ be the spectral radius of a matrix, then for all X ∈ R n×n :
Proposition: If sum of each row of M A is less than 1, i.e.
Then the droop control will be stable i.e. ρ(M A) < 1 Proof: Using Theorem 1, if we apply
N j=1 |a ij | < 1 ∀i, then the maximum of sum of rows will also be less than one. Thus, the upper bound on spectral radius will always be less than one.
Remark 1: The condition (9) provides useful information to select slope for each inverter to ensure control stability, i.e. m i < m as proportional to reactance of feeder lines [22] i.e. longer lines are more likely to have higher magnitude of a ij and lower value of critical slope. Therefore, PV inverters on rural network with long lines, especially towards the feeder end, will be more sensitive to instability and their slope selection should be more conservative. Therefore, non-adaptive and homogeneous slope selection for all inverters make system prone to control instability. Also, the un-controlled change in q min and q max with change in solar generation leads to undesired slope. For instance, in case of cloud cover, the generation drops and the q max limit will be increased automatically leading to very high slope exactly when var support is not needed which creates stability/flicker issues. It is worth mentioning that the attempt to lower the effective slope by adding a delay block after droop in delayed droop [23] improves the stability compared to conventional droop i.e.
where τ is a delay coefficient. However, because of its nonadaptive nature and un-controlled parameters, it leads to issues under external disturbances and topology changes which will be illustrated through a comparison later in the section.
B. Steady State Error (SSE) Concerns
One of the major drawbacks of the droop control is a significant deviation from the set-point in steady state. To derive the analytical expression for SSE, lets assume the system is in equilibrium point (Q, V ) at t = 0. Control equation (2) can be written in vector form at t = 0, as
Now, consider an external disturbance perturb the equilibrium by causing sudden change in voltage, ∆V d , at t = 0.
Now (2) can be rewritten as following for t > 0
Using (7) and (13), we can write
Using (7), (12) and (15),
In this case, the geometric progression series of matrices only converges if the condition (7) holds true (the stable case). Due to disturbance, initial voltage changes by
The new equilibrium voltage can be written as
SSE vector can be written as Equation (18) shows that, for a given disturbance, the only way to decrease SSE is to set higher values of slopes m i which in turn might violate stability condition (9) . In fact, in most cases, its a compromise between achieving acceptable low SSE and control stability in droop VVC. It can also be shown that the delayed droop [23] does not improve SSE compared to conventional control, though it improves the stability. Remark 2: Note that it might be possible to maintain voltages within the ANSI range with high SSE, close to boundaries, for a given system conditions. But, any unexpected external disturbance can instantly push the voltages out of limits as illustrated later. Moreover, the tight voltage regulation capability with low SSE is not only desired just to maintain voltages within the ANSI range, rather it makes the system more flexible and provides enough room to the operator to perform other voltage-dependent applications such as CVR, loss minimization etc.; thus fully utilizing the PV inverters capability.
C. Illustration
To corroborate the above analysis, we will illustrate the impact of external disturbances using a small modified IEEE 4 bus test system shown in Fig.2 . 600 kW load and 900 kW solar generation is added at node 3. A similar node 4 is added via a normally open switch to simulate the change in feeder topology. We will consider two types of initial slope settings to convey the main outcome of the analysis i.e. conservative (m = 2) and non-conservative (m = 6). Solar generation is applied at t = 20 to observe the impact of VVC with µ = 1 at node 3 voltage profile. Fig.3 (a) demonstrates how conservative settings cause high SSE (though, within the ANSI limit initially) for the droop controls (both conventional and droop) which leads to over-voltage violation due to a small change in substation voltage from 1.03-1.05 pu at t = 60. On the other hand, using non-conservative settings to reduce SSE makes the system prone to control instability or voltage flicker as shown in Fig.3(b) and (c). Conventional droop is not shown as it is always unstable in this case. Fig.3(b) shows that sudden drop in solar generation due to cloud cover at t = 60 increases q max and makes the slope very high which causes voltage oscillations. Further, to simulate the impact of topology change or error in topology information, switch1 is closed at t = 60. Delayed droop, as discussed before, is stable under normal conditions, however, change in feeder topology leads to voltage oscillations as shown in Fig.3(c) at nonconservative settings. This example demonstrates it is difficult to achieve both low SSE and control stability under external disturbances with existing droop controllers. Moreover, this problem becomes more crucial in a large realistic system due to thousands of independent inverter devices, dynamic nature of generation and loads and higher possibility of inaccuracy in feeder topology information and in parameter selection.
Therefore, our intention is to develop a new droop based adaptive VVC strategy 1) to achieve both low SSE and low voltage oscillations (stability) simultaneously; 2) to make control parameters dynamically self-adaptive to external disturbances and inaccurate feeder information in real-time ; and 3) to keep VVC purely local and compatible to VVC framework recommended by recent utility and IEEE standards.
III. ADAPTIVE CONTROL STRATEGY
This section will introduce the proposed adaptive local VVC function f p i (V i,t ) which can be written as follows:
Where P is the saturation operator with (q 
There are two unique features of this control. First, the functions of maintaining control stability and low SEE are decoupled. Two different parameters m p and q p are used to achieve control stability and low SSE respectively with different approaches so that none of the objectives are compromised. Second, all these parameters are dynamically adapted in realtime. Superscript p denotes the adaptive nature of the control parameters. To achieve this, a two-layer control framework is proposed as shown in Fig.4 . The inner layer is a fast VVC function f p i (V i,t ) to track the desired set-point µ according to (19) . The outer layer dispatches the control parameters (m 
A. Error Adaptive Control: Strategy I
The aim of the strategy I is to minimize SSE by utilizing var resources efficiently. Therefore, set-point deviation (SSE avg ) is used as the control criteria and defined for each outer loop as
SSE avg,i denotes the average set-point deviation of voltage at i th inverter bus. A tolerance band for SSE avg,i can be defined as µ i ± sse , where sse is tolerance for the deviation. In this strategy, the adaptive term q (20) is updated at each outer loop interval t o , based on SSE avg,i during the last time horizon T as
It is important to note that SSE avg is used as an algebraic value with sign rather than its absolute magnitude. The sign of the error decides whether q p i needs to be moved positive or negative. If the voltage settles on a higher value than the set point, a negative term is added in q 
) where, s is inverter rating and p pv (t o ) is the average solar PV real power generation in the last outer loop time interval.
B. SSE correction in Adaptive Control
In this section, we will verify how the proposed control (19) helps to mitigate the SSE. Consider the system is at equilibrium point (Q, V ) at t = 0 with SSE = V − µ. Now if the parameter q p is changed at t = 0 by ∆q p , the new voltage deviation (SSE adp ) can readily be obtained by following the procedure provided in the Section II.B by replacing the conventional droop (2) with the adaptive control (19) :
To achieve SSE adp = 0, ∆q p required will be,
Equation (25) provides the analytical expression of the required change in q p parameter to achieve zero SSE in just one iteration. However, the solution requires the information of A matrix, SSE and slope (M ) at all inverter buses which is not available to local bus controllers. Moreover, estimation of A is contingent to error in centralized feeder topology information and might not be reliable. Interestingly, our proposed local update strategy ∆q
is local version of the analytical solution (25) and is able to correct SSE, though, it may take more than one iterations to achieve near zero SSE. The important part is that it requires only local bus information, making it purely local and more feasible. Value of k d i can be decided once from the offline studies. Nevertheless, the update strategy can always be made faster and more accurate using (25) , if information at other nodes is also available in future.
C. Adaptive Slope Control: Strategy II
The objectives of the strategy II are to ensure stability as well as to keep voltage fluctuations within the IEEE 141 standard limit [26] by adapting parameter m i . Therefore, voltage flicker (VF) is used as the control criteria which is defined as the voltage fluctuations in loads which cause irritation to user eyes [26] . Based on [26] , we define the shortterm flicker calculation for each inverter bus at the beginning 
As seen in (15), voltage fluctuations are proportional to slope and can be reduced by decreasing m i . For this purpose, the voltage flicker range is divided into four control regions as shown in Fig.7 . The IEEE standard 141 flicker curve provides the maximum fluctuation limit (V F lim ) beyond which we define as critical flicker zone. The same standard also gives a borderline flicker limit (V F lim ). The region between (V F lim ) and V F lim is termed as the subcritical flicker zone. Further we define a tolerance (V F lim − vf ) and the tolerance band is termed as the safe flicker zone. The region below safe flicker zone is defined as the relaxed flicker zone. In critical zone, we update the parameters by a larger amount (∆ vf ) to avoid control instability and to return to subcritical zone faster. In subcritical zone, the slope is decreased in a smaller step (∆ vf ) to avoid over-correction which might impact SSE avg negatively. As soon as we reach the safe zone, no control action is taken. This is the desired range of control parameters. Though rarely required, in the relaxed zone, slope is increased to improve SSE only if SSE is out of range. Correction factors (∆ vf ) are estimated offline in this work, though they can always be made responsive to the online control performance, if required.
It is worth noting here that the the main feature of the proposed control lies in the decoupling of the two functionalities i.e. SSE and slope. since SSE is catered by q p i , slope can always be in the conservative range (safe or relaxed zones) to ensure control stability. In this work, we use the earlier derived condition (9) to choose initial slopes. It is estimated using offline studies for the base case, however, to keep safe margin it can be further reduced by a certain factor. Fig.8 
Update final parameters vmin and vmax: equation (20) 5. to = to + 1, go to step 1
IV. CASE STUDY A. 4 Bus System Illustration
The proposed adaptive VVC performance is compared with delayed control for the example system described in the Section II.C in Fig.9 . Since it is a small system, outer loop time horizon of 10 seconds is adequate to demonstrate adaptive nature of the control. Other system setup and parameters selection are same as described earlier. At t = 60, when voltage profile get a surge due change in substation voltage from 1.03 to 1.05, the adaptive control starts adapting itself to re-track the set-point in 2 steps. Whereas, the delayed VVC is leads to voltage violation due to high SSE and non-adaptive nature. Similarly under non-conservative settings, in (b) and (c), adaptive control is able to maintain the control stability under the impact of sudden cloud cover and topology changes unlike the delayed control.
B. Large Test Case Modeling
The proposed adaptive control is tested on IEEE123 bus test system which is an unbalanced three-phase feeder [27] . To create a more realistic simulation, the test system is further expanded with detailed secondary side house-load modeling at 120 volts resulting in 1500 nodes as shown in Fig.10 using GridLAB-D platform; GridLAB-D is an open-source agentbased simulation framework for smart grids developed by Pacific Northwest National Lab [28] . Each residential load is modeled in detail with ZIP loads and temperature dependent HVAC load [29] [30] . Diversity and distribution of parameters within the residential loads is discussed in [31] . The feeder is populated with 1280 residential houses with approximately 6 MW peak load. Inverter ratings are considered 1.1 times the panel ratings. Uniformly distributed solar PVs throughout the feeder create lesser problems than the PV units distributed in one area of the feeder. Therefore, to demonstrate the effectiveness of the control in more severe case, PV units are distributed randomly at 500 houses only in right half of the feeder. Temperature and solar irradiance data for January 2, 2011 is obtained from publicly available NREL data for Hawaii [32] . Load and solar profiles for the day have been shown in Fig.11 .
C. Performance Metrics
We will be using three performance metrics to evaluate the proposed control approach. First metric is mean steady state error (M SSE) which evaluates control set-point tracking performance. This is the absolute average (in percent) of voltage set point deviation at all of the houses with solar PV Fig. 11 . Total feeder load and solar PV profile for 24 hours over the concerned time period. It is calculated as 27) where n is the total number of solar PV units and h is total time duration. Second metric is flicker count (F C) where one flicker violation at one house is considered when V F value, as defined in (26) 
D. Results
In this section, we will demonstrate the effectiveness of the proposed control scheme in a wide range of external disturbances and operating conditions. The adaptive control performance (blue) will be compared with existing droop controllers i.e. conventional (orange) and delayed droop (black). Voltage profiles and parameters dispatched are shown at a randomly chosen solar PV unit at bus 92 whereas the performance metrics are calculated for the whole system. Dashed and solid red lines denote the voltage violation limits and voltage setpoint respectively. Outer loop horizon T is taken as 1 minute.
1) Dynamic Tests with Daily Load and Solar Variation
A day-long load and solar profile can be seen as continuous external disturbances in the system. Fig.12(a) shows that during the daytime, non-adaptive droop controls are not able to track the set point voltage which might lead to voltage violations e.g. around 12 noon when the solar generation is at peak. µ = 0.97 and homogeneous conservative settings (m = 3) are used for conventional and delayed control. Whereas the adaptive control adapts its parameters at each bus differently to keep a flat voltage profile throughout the day; note, this may not be entirely desirable for the utility, or the owners, due to increased var flows, but rather indicates the flexibility of the system for applications such as CVR, loss minimization etc. Fig.12(b) shows the dynamic dispatch of adaptive error parameter q p at bus 92. The performance metrics for the whole system are compared in I. In this case, high MSSE in delayed control is because of selecting a conservative slope setting which can be improved by choosing higher slope, however, it will make the control highly vulnerable to sudden external disturbances as demonstrated in the next results. Whereas due to its decoupled functionality, the proposed control is capable of achieving near zero MSSE even at conservative settings, thus not making system prone to instability or voltage flicker.
2) Dynamic Tests with Sudden External Disturbances
Reliable performance under external disturbances is a unique feature of the proposed control. To demonstrate this, the control performance is tested with sudden external disturbances. A smaller window of 1-2 hours is considered when solar is at its peak to observe the most severe impact of disturbances. a) Sudden cloud cover and cloud intermittency: Usually cloud covers cause two types of disturbances in PV generation i.e. intermittency and sudden drop in the generation as shown in Fig.13 (a) and (b) respectively. Cloud intermittency data of 30 seconds scale is considered. µ = 1 and m = 5 are used for non-adaptive controls. Fig.14 shows how cloud intermittency causes high voltage fluctuations in conventional control which leads to violations. Delayed control reduces the flicker significantly compared to conventional (from 6919 to 107), however, still results in a good number of violations due to high SSE as shown in Table II . Though, the effect of intermittency is also visible in adaptive control voltage profile ( Fig.14 (b) ), it manages to achieve zero indices of flicker and violations. It demonstrates the effectiveness of control in faster disturbances.
On the other hand, using non-conservative settings (m = 10)to decrease violations can cause stability issues with sudden cloud cover as shown in Fig.15 . At 11.30 AM, a cloud cover results in a sudden drop in real power generation ( Fig.13(b) ) which frees the inverter capacity. Since conventional and delayed controls utilize all the free capacity immediately without monitoring, it increases the slope by a significant amount and results in voltage oscillations as shown in Fig.15(a) . Whereas, the adaptive control dynamically regulates the settings in real-time to ensure stable voltage profile as well as quick restore of the set-point tracking as visible in Fig.15(b) .
b) Change in substation voltage: The primary side of substation voltage keeps changing due to changes in the transmission systems. conservative setting (m = 5) is used here for nonadaptive controls. In Fig.16 , at 12 noon, the feeder experiences a surge in primary substation voltage from 1 to 1.07 pu. Conventional control experiences high voltage oscillations. Delayed control does not experience voltage flicker but since it cannot reduce the SSE on its own, it waits for substation tap changer to operate to bring voltage within the limit again. Whereas adaptive control suffers from few instantaneous violations but immediately starts re-tracking the set-point, thus avoiding violations for long time period. d) Sudden load decrease: A sudden 40% load reduction is applied at 12:00 to test the robustness of the proposed control as shown in Fig.17 . The conservative parameter (m = 5), which provided stable voltage performance under normal conditions is causing instability on a sudden load disturbance as shown in Fig.17(b) . Delayed control improves the stability but the voltage is vulnerable to overvoltage violations. Whereas, the adaptive control adapts itself to the disturbance and maintains a stable and flat voltage profile without set point deviation.
3) Adaptive to the error in feeder topology information Usually in a large real-world system, fully reliable feeder topology info is not available or there are a lot of changes in the feeder which might not be communicated. This leads to change in feeder topology and sensitivity matrix A, thus old control settings might create issues. The proposed control is also adaptive to such errors or changes in feeder information. To simulate this, 25 new solar PV houses were added at the end of the original test system and the old non-conservative settings (m = 10) were used for delayed control. Fig.18 compares the voltage profile before and after feeder change for delayed and adaptive controls. It can be seen that the voltage profile changes from smooth (FC=0,VVI=0) to highly fluctuating (FC=4047,VVI=1615) in the slightly expanded feeder with the delayed control. Whereas, the adaptive control provides a better performance with zero flicker and violations.
V. CONCLUSION
In this study, a real-time adaptive and local VVC scheme is proposed to mitigate voltage challenges associated with high PV penetration under external disturbances. In specific, the proposed approach addresses two major issues of slope sensitive droop VVC methods. First, the proposed framework (shifted and adaptive droop) enables VVC to achieve high setpoint tracking accuracy (low SSE) and control stability (low voltage flicker) simultaneously without compromising either by decoupling the two functionalities. Second, the adaptive algorithm enables dynamic self-adaption of control parameters in real-time which eliminates another major challenge of selecting appropriate control settings under wide range of operating conditions/external disturbances such as fast cloud transients, substation voltage change etc. All this is achieved while keeping the control purely local with no need of centralized topology information and ensuring that the developed control framework is compatible with the integration standards (IEEE1547) and utility practices (Rule 21). These features make the proposed VVC feasible and implementation friendly. The satisfactory performance is demonstrated by comparing with existing droop methods in several cases. It is worth mentioning that the proposed local VVC framework is easily extendable to centralized approaches. In fact, due to its tight voltage regulation feature and adaptive nature under external disturbances, it facilitates the use of PV inverters for other system-wide volt/var applications such as CVR, loss minimization, increasing PV penetration capacity etc. The integration with supervisory control and the impact of the VVC on transmission system will be explored in future studies.
APPENDIX
Small 4-bus example system information: length of lines 1-2, 2-3 and 3-4 are 2000, 4500 and 4500 feet respectively. Transformer is step-down (12.47kV/4.16 kV).
In all cases d = 0 and τ = 0.1 are considered. Note that in conventional and delayed droop control, all settings remain constant throughout the day except q min and q max which change with change in PV generation and cloud cover. For adaptive control, all of these settings are decided by the proposed algorithm. 
